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A ketogenic diet enhances aerobic exercise
adaptation and promotes muscle
mitochondrial remodeling in hyperglycemic
male mice

Pattarawan Pattamaprapanont 1,2,3, Roberto C. Nava2,3, Rea Grover1,
Mia Formato2, Eileen M. Cooney2, Ana Paula Pinto 2,4, Ana B. Alves-Wagner2,3,
Anamica Das2,3, Yuntian Guan2,3, Meghana Annambhotla1, Saanvi Acharya1,
Donato A. Rivas1 & Sarah J. Lessard 1,2,3,5

VO2peak is a key health benefit of aerobic exercise; however, chronic hyper-
glycemia is associated with persistently low VO2peak due to an impaired
adaptive response to training. Here, we show that reducing blood glucosewith
a carbohydrate-restricted, high fat ketogenic diet can restore aerobic exercise
adaptation in male mice with hyperglycemia. Hyperglycemic mice received
standard high-carbohydrate chow (CHOW), which sustains high blood glu-
cose; or a ketogenic diet (KETO), which normalizes blood glucose levels. After
aerobic exercise training, improvements in VO2peak are blunted in CHOW, but
restored by KETO. Increased VO2peak in KETO is associated with enhanced
aerobic remodeling of skeletal muscle, including a more oxidative fiber-type
and increased capillary density. Moreover, KETO induces exercise-
independent effects on muscle mitochondrial remodeling and substrate
selection, significantly increasing fatty acid oxidation and down-regulating
glucose metabolism. We identify a ketogenic diet as a potential therapy to
improve aerobic exercise adaptation in the growing population with
hyperglycemia.

Data from humans and animal models demonstrate that chronic
hyperglycemia is associated with a blunted adaptive response to
aerobic exercise training1–3. A key exercise adaptation that is negatively
impacted in those with hyperglycemia is improved aerobic exercise
capacity, measured as maximal or peak oxygen consumption rate (i.e.,
VO2max or VO2peak)

4–7. High aerobic exercise capacity is one of the
strongest predictors of health and longevity in preclinical and clinical
studies8–10. Moreover, in people with diabetes, maintaining a high
aerobic capacity is associated with lower risk of complications such as

cardiovascular and kidney disease11–15. Given the strong association
betweenhyperglycemia and impaired aerobic adaptation, strategies to
reduce blood glucose, when combined with aerobic training, may
enhance the adaptive response to exercise.

Ketogenic diets are characterized by high fat ( ≥ 60% [kcal]) and
very low carbohydrate ( < 10% [kcal], or <50g/day) content, which
reduces glucose availability and induces production of ketone bodies
by the liver16. Prior to the discovery and availability of insulin in the
1920s, ketogenic diets were a foundation for the treatment of type 1
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diabetes due to their efficacy in lowering blood glucose concentra-
tions, thereby promoting longer survival in the face of insulin
deficiency17. Ketogenic diets have also proven to be therapeutically
beneficial for the treatment of several neurological conditions,
including epilepsy18. However, whether consumption of high-fat, low-
carbohydrate diets can benefit the general population is controversial
due to evolving views regarding the contribution of dietary fat to
obesity and metabolic disease19.

Recently, interest has reemerged for the use of ketogenic diets to
promote weight loss and enhance athletic performance19–22. Mounting
evidence demonstrates potential for ketogenic diets to improve glu-
cose homeostasis and reduce body weight in those with type 2
diabetes22–24. In people with type 1 diabetes, ketogenic diets may
reduce the required daily insulin dose and allow for maintenance of
HbA1c at near normal levels ( < 6%)25,26. With respect to improving
exercise performance, meta-analysis of published data demonstrates
that ketogenicdiets do not appear to have beneficial or harmful effects
in young, healthy individuals without metabolic disease21,27. However,
whether ketogenic diets can improve exercise adaptation and aerobic
capacity in the growing population of individuals with
hyperglycemia28,29 due to type 1 diabetes, type 2 diabetes, or other
metabolic disorders is a key unanswered question.

Our previous work demonstrates that mice with hyperglycemia
due to low-dose streptozotocin (STZ) treatment have blunted
improvements in VO2peak with training and impaired skeletal muscle
remodeling with exercise1,2. Here, we tested the hypothesis that feed-
ing STZ-treated mice a ketogenic diet (KETO) would reduce blood
glucose, leading to an improved adaptive response to voluntary wheel
running. Indeed, we demonstrate that KETO can normalize blood
glucose in STZ-treated mice. Moreover, KETO restored improvements
in VO2peak and enhanced muscle remodeling in response to aerobic
training in STZ. KETO also induced exercise-independent changes in
skeletal muscle fiber type, fatty acid oxidation, and mitochondrial
remodeling.Our data identify a carbohydrate-restricted high fat diet as
a potential therapy to improve exercise response in those with
hyperglycemia.

Results
Metabolic effects of a ketogenic diet
This study aimed to test the hypothesis that glucose reduction via
consumption of a ketogenic diet in hyperglycemic mice can restore
aerobic adaptation to exercise training. Figure 1A outlines our
experimental design and timeline. Hyperglycemia was induced
using low dose (40mg/kg) intraperitoneal injections of streptozo-
tocin (STZ) for two consecutive days, and was defined as blood
glucose ofmore than 200mg/dL. Thismodel was selected because it
produces moderate hyperglycemia without altering body weight or
requiring exogenous insulin supplementation1,2. We previously
demonstrated that this level of hyperglycemia impairs aerobic
adaptation despite STZ-treated mice maintaining voluntary wheel
running activity similar to euglycemic controls1,2. Two-weeks fol-
lowing STZ injection, hyperglycemic mice were stratified to receive
regular chow (STZ-CHOW), or a ketogenic diet (STZ-KETO). Nor-
moglycemic vehicle-injected mice consuming regular chow (CON-
CHOW) served as controls.

We first determined the metabolic effects of a ketogenic diet on
mice with hyperglycemia (Fig. 1B–G). Neither STZ injection nor KETO
altered body mass during the first 8-weeks of treatment (Fig. 1B). The
ketogenic diet normalized blood glucose in STZ-treated mice to the
level of CON-CHOW within 1-week of feeding, while STZ-CHOW con-
tinued to exhibit hyperglycemia (Fig. 1C). Throughout the initial
8-week dietary treatment period, blood glucose in STZ-KETO was
sustained within the normoglycemic range without developing hypo-
glycemia. However, KETO did not alter STZ-induced glucose intoler-
ance (Figs. 1D, E). Insulin levels measured after a 16-h fast

demonstrated reduced insulin in both STZ-treated groups, with no
additional effect of a ketogenic diet (Fig. 1F). These data demonstrate
that a ketogenic diet can effectively maintain blood glucose levels of
STZ-treated mice in the normoglycemic range by restricting dietary
carbohydrate, even in the face of low circulating insulin and glucose
intolerance. After 8 weeks of diet, blood ketones were measured
during the light cycle without fasting. Ketonemia was observed in STZ-
KETO in the optimal nutritional ketosis range ( ~ 1.5mM; Fig. 1G),
demonstrating the efficacy of our dietary paradigm. The effect of the
diet on fasting ketone and post-glucose load insulin levels were not
measured, and is a limitation of the study.

Prior to beginning the exercise-training intervention, we deter-
mined if diet alone can impact aerobic capacity in hyperglycemicmice
by performing maximal exercise testing after 8-weeks of dietary
treatment. In sedentary mice, there were no significant effects of
hyperglycemia or diet on VO2peak (Supplementary Fig. 1A) or time to
exhaustion (Supplementary Fig. 1B). The observation that hypergly-
cemia does not impact aerobic capacity in the absence of training is
consistent with our previous studies1,2. These data also demonstrate
similar starting aerobic capacity among groups.

Aerobic training response
To determine the effect of KETO on the response to aerobic training in
STZ,micewere randomly allocated to a cagewith (Exercise-Trained) or
without (Sedentary) a running wheel. Daily running distance (Fig. 2A),
circadian running patterns (Fig. 2B) and total running distance (Sup-
plementary Fig. 1C) were similar among groups, demonstrating equal
training dose. There was a main effect of exercise training to decrease
blood glucose (Fig. 2C). Glucose tolerance (AUC)was also improved by
exercise, but remained impaired in STZ-KETO compared to chow-fed
controls (Fig. 2D). Ketones were significantly decreased by exercise
training, but remained higher in STZ-KETO than chow-fed groups
(Fig. 2E). After 16-wks of dietary treatment, sedentary STZ-KETO dis-
played increasedbodymass associatedwith fatmass gain compared to
STZ-CHOW (Fig. 2F, G). Fat mass gain in sedentary KETO-fed mice was
likely due to higher caloric intake, as CHOW-fed mice consumed
~17 kcal/day, while KETO-fed mice consumed ~21 kcal/day (Supple-
mentary Fig. 2A–C). In contrast, bodymass and fatmasswere similar in
all exercise-trained groups, indicating that training can prevent fat-
mass gains due to KETO observed in sedentary mice. Exercise training
increased percent lean mass to a similar extent in all groups (Fig. 2H).
Overall, these data demonstrate that all groups received a similar
training stimulus, and exercise produced the expected positive
metabolic adaptations in all groups, regardless of glycemic status
or diet.

We previously demonstrated that STZ-treated mice have blunted
improvements in the key health marker of VO2peak with training,
despite having other positive metabolic adaptations in response to
training1,2. To determine whether impaired improvements in VO2peak
are prevented by a ketogenic diet, we performed maximal exercise
capacity (VO2peak) and performance (Time to Exhaustion; TTE) test-
ing in sedentary and exercise-trained mice. As differences in fat mass
were observed among groups (Fig. 2G), VO2peak was expressed per
lean mass to minimize the influence of this potentially confounding
variable. VO2peak was similar among sedentary groups (Fig. 3A). In
contrast, there were significant differences in VO2peak among groups
that underwent exercise-training. Compared to CON-CHOW, STZ-
CHOWhad blunted improvements in VO2peak with training. However,
a ketogenic diet restored exercise training-induced improvements in
VO2peak in STZ (Fig. 3A). All groups significantly improved exercise
performance (TTE) with training (Fig. 3B). However, unlike VO2peak,
TTE was not significantly higher after training in STZ-KETO compared
to STZ-CHOW. These data demonstrate that glucose lowering with a
ketogenic diet is associated with improvements in the key health
marker of VO2peak with training. Moreover, we demonstrate a
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disconnect between exercise capacity and performance in STZ-treated
mice consuming a ketogenic diet.

Nutrient storage in muscle and liver
Skeletalmusclemakes important contributions to whole-body aerobic
capacity and exercise performance. To determine potential mechan-
isms for higher VO2peak in the absence of improved performance
(TTE) in STZ-KETO, we examined several aspects of muscle metabo-
lism and phenotype. To enhance aerobic performance, many athletes
carbohydrate load to increase muscle and liver glycogen stores prior
to competition. Indeed, muscle glycogen plays an important role in
exercise performance- especially during high-intensity exercise of
moderate duration such as our aerobic testing protocol30. To deter-
mine whether glycogen availability may have impacted performance,
we measured muscle and liver glycogen in sedentary and exercise-

trainedmice.Wedemonstratemain effects of both diet and exercise to
reduce muscle glycogen concentration (Fig. 3C). The lowest muscle
glycogen was observed in trained STZ-KETO, where glycogen levels
were half the concentration of STZ-CHOW. Liver glycogen was also
significantly lower in STZ-KETO, irrespective of training sta-
tus (Fig. 3D).

In addition to glycogen, stored triacylglycerol, which is also a key
substrate for aerobic exercise, was measured in muscle and liver. In
contrast to glycogen, there was no difference in muscle triglyceride
(glycerol) storage in STZ-KETO, but liver triglycerides were sig-
nificantly higher in mice fed a ketogenic diet (Supplementary Fig. 3A,
B). Overall, our data demonstrate notable changes in muscle and liver
nutrient storage in response to a ketogenic diet. Our results point
toward lower glycogen availability as a possible mechanism for a lack
of improvement in exercise performance in trained STZ-KETO

Fig. 1 | A ketogenic diet reverses STZ-induced hyperglycemia. A Experimental
timeline: 8-wk old male CD-1 mice were injected on two consecutive days with
40mg/kg streptozotocin to induce hyperglycemia. Two weeks later, hypergly-
cemicmicewere stratified to receive a typical high carbohydrate diet (CHOW), or a
high-fat ketogenic diet (KETO). Eight-wks after diet induction, mice were stratified
into static cages (Sedentary), or voluntary wheel running cages (Exercise Training).
Original dietsweremaintainedduring the exercise-training period. Following 8-wks
of exercise, blood and tissues were collected. [B] Bodymass and [C] Blood glucose
were measured weekly. For B, C: CON-CHOW n = 29, STZ-CHOW n = 30, STZ-KETO
n = 29. D Glucose tolerance was impaired in both STZ-treated groups, E as
demonstrated by higher glucose area under the curve (p <0.0001, CON-CHOW

n = 29, STZ-CHOW n = 26, STZ-KETO n = 29). F Fasting insulin was ~50% lower in
both STZ-treated groups, independent of dietary treatment, demonstrating that
KETO reverses hyperglycemia independent of insulin levels (CON-CHOW n = 29,
STZ-CHOW n = 30, STZ-KETO n = 30). G Blood ketones were significantly elevated
in KETO compared to CHOW-fed groups (p <0.0001, CON-CHOW n = 27, STZ-
CHOW n = 27, STZ-KETO n = 27). Data from (B–G) are presented as mean± SEM.
Data from (E–G) were analyzed by One-way ANOVA with Tukey post-hoc testing.
Gray circles represent CON-CHOW, blue circles represent STZ-CHOW, and orange
circles represent STZ-KETO. Source data are provided as a Source Data file. Figure
(A) created in BioRender. Lessard, S. (2026) https://BioRender.com/cm7jtp4.
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Fig. 2 | Exercise training improved health-related metabolic parameters simi-
larly among all diet treated groups. ADaily running distance (CON-CHOW n = 13,
STZ-CHOW n = 15, STZ-KETO n = 15), and B circadian running patterns were similar
among groups (CON-CHOW n = 5, STZ-CHOW n = 7, STZ-KETO n = 7). C Training
improved random blood glucose (P =0.0004, Sedentary: CON-CHOW n = 16; STZ-
CHOW n = 15; STZ-KETO n = 15, Exercise-trained: CON-CHOW n = 13; STZ-CHOW
n = 14; STZ-KETO n = 14) and D glucose tolerance (P =0.0004, Sedentary n = 12/
group, Exercise-trained: CON-CHOW n = 11; STZ-CHOW n = 9; STZ-KETO n = 10) in
all groups. E Blood ketones were decreased by training (P =0.0019), but still
remained higher in STZ-KETO (P <0.0001, n = 8/group). F Bodymass was higher in

sedentary STZ-KETO (P =0.0176), but was reduced to the level of controls by
exercise-training (P <0.0001). G Fat mass was higher in sedentary STZ-KETO, but
was reduced to the level of controls with exercise-training (P <0.0001). H Percent
lean mass was increased by exercise training in all groups (P <0.0001). For
F–H Sedentary: CON-CHOW n = 15; STZ-CHOW n = 15; STZ-KETO n = 13, Exercise-
trained: CON-CHOW n = 13; STZ-CHOW n = 14; STZ-KETO n = 13. Gray circles
represent CON-CHOW, blue circles represent STZ-CHOW, and orange circles
represent STZ-KETO. Data from (A–H) are presented as mean± SEM. Panels C-H
were analyzed by 2-way ANOVA with Tukey post-hoc testing. Source data are
provided as a Source Data file.
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Fig. 3 | A ketogenic diet restores improvements in VO2peak with training in
STZ-treated mice. A Peak aerobic capacity (VO2peak) was measured in exercise-
trained and age-matched sedentary mice using the GXTm protocol (Sedentary:
CON-CHOW n = 15; STZ-CHOW n = 15; STZ-KETO n = 13, Exercise-trained n = 13/
group). Main effects of exercise (P < 0.0001) and diet (P =0.0378), as well as an
interaction (P =0.0348) were observed. B Time to exhaustion (TTE) was recorded
during the test as a measure of performance (Sedentary: CON-CHOW n = 16; STZ-
CHOW n = 16; STZ-KETO n = 15, Exercise-trained: CON-CHOW n = 13; STZ-CHOW
n = 14; STZ-KETO n = 14). Only a main effect of exercise (P <0.0001) was noted.
C Muscle (P <0.0001, Sedentary: CON-CHOW n = 12; STZ-CHOW n = 11; STZ-KETO
n = 11, Exercise-trained n = 11/group) and (D) liver (P <0.0001, Sedentary n = 12/
group, Exercise-trained: CON-CHOW n=9; STZ-CHOW n = 10; STZ-KETO n = 11)
glycogen content was significantly reduced in mice consuming a ketogenic diet.
E Fat oxidation rates were higher in KETO-fed mice before exercise (P <0.0001,

Sedentary: CON-CHOW n = 12; STZ-CHOW n = 11; STZ-KETO n = 9, Exercise-trained:
CON-CHOW n = 10; STZ-CHOW n = 9; STZ-KETO n = 11) and (F) during the last two
minutes of maximal exercise (P <0.0001, Sedentary: CON-CHOW n = 12; STZ-
CHOW n = 12; STZ-KETO n = 10, Exercise-trained: CON-CHOW n = 10; STZ-CHOW
n = 9; STZ-KETO n = 11). For (E) and (F) fat and carbohydrate (CHO) oxidation are
shown in stacked format, with the upper limit representing total substrate oxida-
tion. G VO2 kinetics during the GXTm protocol are shown for sedentary (CON-
CHOW n = 11; STZ-CHOW n = 11; STZ-KETO n = 9) and (H) exercise-trained mice
(CON-CHOW n = 10; STZ-CHOW n = 9, STZ-KETO n = 11). The mean TTE for each
group is indicated by a dashed line to indicate the approximate end of testing. Data
from (A–H) are presentedasmean± SEM.Datawereanalyzedby2-wayANOVAwith
Tukey post-hoc testing. *P <0.05, **P <0.01, ***P <0.001 for fat oxidation vs SC.
Gray circles represent CON-CHOW, blue circles represent STZ-CHOW, and orange
circles represent STZ-KETO. Source data are provided as a Source Data file.
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compared to STZ-CHOW, despite having significantly higher VO2peak.
Our data also indicate a shift toward fat storage as a fuel in STZ-KETO.

Substrate oxidation during maximal exercise
Altered substrate storage in muscle and liver may change substrate
selection during maximal exercise testing. Therefore, we deter-
mined fat and carbohydrate oxidation rates calculated by indirect
calorimetry before, and during the last two minutes of maximal
exercise testing. Hyperglycemia in STZ-CHOW did not alter sub-
strate utilization at rest (Fig. 3E) or during maximal exercise (Fig. 3F)
compared to CON-CHOW. In contrast, STZ-KETO had significantly
higher fatty acid oxidation rates compared to CHOW-fedmice under
both conditions. At rest, STZ-KETO relied solely on fat as a substrate.
In contrast, CHOW-fed mice used a mixture of fat and carbohydrate
at rest (Fig. 3E). During maximal exercise, carbohydrate oxidation
rates increased in all groups (Fig. 3F), as expected. However, KETO
maintained ~2-fold higher rates of fatty acid oxidation compared to
CHOW-fed mice. Notably, fat oxidation rates in STZ-KETO were
similar in sedentary and exercise-trained mice. As trained STZ-KETO
had significantly higher VO2peak, this indicates that improved
VO2peak with training is independent of enhanced fatty acid oxi-
dation. Higher fatty acid oxidation rates in STZ-KETO were accom-
panied by a lower respiratory exchange ratio (RER) at rest and
during maximal exercise (Supplementary Fig. 3C).

Higher reliance on fatty acids for fuel can increase oxygen con-
sumption rates due to greater oxygen demand per ATP produced of
fatty acid vs. carbohydrate oxidation. Consistent with higher rates of
fatty acid oxidation, our data demonstrate higher oxygen consump-
tion during the first 10minutes of maximal exercise testing in STZ-
KETO. In sedentary mice, elevated oxygen consumption in STZ-KETO
was not sustained at higher exercise intensities, resulting in a similar
VO2peak in all sedentary groups (Fig. 3G). However, in trained STZ-
KETO, VO2 remained higher than STZ-CHOW until exhaustion
(Fig. 3H). Taken together, our data demonstrate that a ketogenic diet
alone does not impact VO2peak in hyperglycemic mice. However,
when combined with aerobic exercise training, a ketogenic diet can
restore improvements in VO2peak that are blunted in hyperglycemic
mice, signifying a diet-training interaction that is independent of fatty
acid oxidation rates.

Substrate oxidation and circulating metabolites with moderate
exercise
Maximal exercise to exhaustion is helpful to determine key metabolic
parameters such as VO2peak. However, maximal exercise is bioe-
nergetically distinct from moderate aerobic exercise, which better
reflects a typical session of aerobic exercise performed by the general
population. Therefore, we investigated oxygen consumption and
substrate utilization in a separate cohort of sedentary mice that
underwent 45minutes of moderate ( ~ 60% VO2peak) steady-state
treadmill running exercise. This exercise intensity normally results in a
mixture of carbohydrate and fat oxidation by skeletal muscle.

Oxygen consumption was higher throughout exercise in STZ-
KETO compared to STZ-CHOW and CON-CHOW, despite the exercise
being of a similar relative intensity in all groups (Fig. 4A). Increased
oxygen consumption in STZ-KETO was likely due to enhanced fat
oxidation during exercise, as STZ-KETO demonstrated significantly
higher fatty acid oxidation rates throughout the steady-state exercise
bout (Fig. 4B). In support of this, the mean respiratory exchange ratio
(RER; VCO2/VO2) was ~0.68 in STZ-KETO, indicating a complete reli-
ance on fatty acid oxidation during moderate exercise (Fig. 4C). RER
values less than 0.7 may indicate ketogenesis without subsequent
ketone oxidation31. In contrast, RER was significantly higher in chow-
fed animals,with thehighest RERoccurring in STZ-CHOW, likely due to
increased circulating glucose availability in this group. Thus, our data
indicate that there are differences in substrate utilization during

moderate exercise among groups, with fat oxidation rates showing the
following hierarchy: STZ-KETO>CON-CHOW>STZ-CHOW.

The profound alterations in substrate oxidation that we
observed with KETO may also impact utilization and/or synthesis of
circulating metabolites during exercise. To investigate this, we
determined the circulating levels of keymetabolites before and after
moderate exercise. Blood glucose was significantly increased post-
exercise in all groups, although the increase was significantly higher
in STZ-CHOW (Fig. 4D). There was a main effect of diet and exercise
to regulate blood ketones (Fig. 4E). Ketones were maintained within
a narrowmargin before and after exercise in STZ-CHOW. In contrast,
STZ-KETO showed a high variation of blood ketones at rest and after
exercise. Interestingly, those mice with higher starting ketones
tended to demonstrate decreased blood ketones after exercise, and
vice versa. Blood lactate was unchanged by exercise in CON-CHOW
and STZ-CHOW, which is characteristic of moderate intensity exer-
cise. However, lactate was significantly increased after exercise in
STZ-KETO leading to post-exercise lactate levels that were higher
than chow-fed groups (Fig. 4F). The source of increased lactate in
STZ-KETO is not known, but may be due to increased production
and/or reduced uptake and utilization by muscle or other metabo-
lically active organs32. Taken together, our results demonstrate that
a ketogenic diet in STZ-treated mice induces an increase in oxygen
consumption and fatty acid oxidation, while altering the levels of
key circulating substrates such as glucose, ketones, and lactate
during moderate-intensity exercise.

Skeletal muscle glucose and lipid regulation
Our data demonstrate significant alterations in substrate storage and
utilization, and aerobic exercise adaptation in STZ-treated mice con-
suming a ketogenic diet. However, the mechanisms underlying these
physiological changes areunknown. Todeterminehow skeletalmuscle
adaptations may contribute to altered metabolism observed among
groups, we examined several aspects of skeletal muscle phenotype.
First, we assessed protein markers of glucose and fatty acid metabo-
lism in skeletal muscle. Our data demonstrate significant, but diver-
gent, main effects of diet and exercise-training on muscle GLUT4 and
HKII content (Fig. 5A, C, D). KETO decreased skeletal muscle levels of
GLUT4 and HKII in both sedentary and exercise-trained mice. Down-
regulation of these key glucose metabolism regulators in STZ-KETO is
consistent with our observed reduction in glucose utilization and
glycogen storage in this group. In contrast, exercise-training increased
GLUT4 and HKII in STZ-treated mice, irrespective of diet. Notably, a
ketogenic diet had a largermagnitude of impact onmarkers of glucose
metabolism than exercise-training.

In contrast to mediators of glucose metabolism, lipid metabolism
regulators were upregulated by a ketogenic diet (Fig. 5B, E, F). A
ketogenic diet significantly increased muscle protein content of the
fatty acid transporter FAT/CD36 by 3-fold in sedentarymice and 5-fold
in exercise-trained mice (Fig. 5E). These data demonstrate additive
effects of KETO and training on fatty acid transport capacity. KETO
also significantly increased muscle protein levels of carnitine palmi-
toyltransferase (CPT)-1B, which is the rate-limiting enzyme for β-
oxidation of lipids (Fig. 5F). Consistent with the suppression of glucose
metabolism, the effects of a ketogenic diet were greater than the
effects of exercise-training on protein markers of lipid metabolism.
Thus, when considered collectively, our data demonstrate down-
regulation of glucose transport and metabolism, with a concomitant
up-regulation of fatty acid transport and metabolism, as mechanisms
contributing the altered substrate utilization in hyperglycemic mice
consuming a ketogenic diet.

Skeletal muscle mitochondrial protein markers
Exercise typically results in higher mitochondrial density in muscle.
Moreover, a higher reliance on fatty acid oxidation observed in both
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sedentary and trained STZ-KETO may be facilitated by changes in
mitochondrial content or capacity. Indeed, our data demonstrate a
main-effect of exercise training to increase protein levels of mito-
chondrial OXPHOS complexes I-V (Fig. 5G, H). We also demonstrate a
main effect of KETO to increase OXPHOS complexes III, IV, and V,

independent of exercise-training. The increase in OXPHOS proteins in
response to KETO was ~3-fold higher in magnitude than the effect of
exercise-training, which increased OXPHOS by a modest, but repro-
ducible ~10%. To further determine the effect of a ketogenic diet on
muscle mitochondria, we quantified the relative levels of other key

Fig. 4 | A ketogenic diet reverses STZ-induced hyperglycemia and enhances fat
oxidation. A Oxygen consumption expressed per lean mass (VO2/kg LM/min) was
consistently higher in STZ-KETO during a 45min bout of moderate intensity
treadmill running exercise (P <0.0001). Data from the steady state (5–45min)
exercise period are shown. B Fat oxidation was calculated over the same acute
exercise period, and showed a higher reliance on fatty acids as fuel during exercise
in STZ-KETO (P <0.0001). C Respiratory exchange ratio (RER) was highest in STZ-
CHOW and lowest in STZ-KETO during moderate intensity ( ~ 60% VO2peak)
treadmill running (P <0.0001), indicating altered fuelmetabolism (for (A–C): CON-
CHOW n = 7, STZ-CHOW n = 8, STZ-KETO n = 7). Data from (A–C) are presented as

mean ± SEM. Data were analyzed by 1-way ANOVA and Tukey post-hoc testing.
D Blood glucose demonstratedmain effects of diet (P <0.0001) and acute exercise
(P <0.0001). E Ketones were also regulated by diet (P <0.0001) and acute exercise
(P <0.0001). F Lactate was higher in STZ-KETO compared to other groups (diet
main effect P <0.0001). For (D–F):n = 10/group.Data (D–F)were analyzedby2-way
ANOVA and Tukey post-hoc testing. For (A–C) gray circles represent CON-CHOW,
blue circles represent STZ-CHOW, and orange circles represent STZ-KETO. For
(D–F) black circles represent pre-exercise data and green circles represent post-
exercise data with lines connecting repeated measures from the same mouse.
Source data are provided as a Source Data file.
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mitochondrial markers (Fig. 5I). KETO induced a significant upregula-
tion of Cytochrome C (Fig. 5J; 1.5-fold increase), and HSP60 (Fig. 5K;
2-fold increase). In contrast, VDAC, which is also a mitochondrial
marker, did not display a main effect of diet, but was significantly
increased by exercise in STZ-KETO (Fig. 5L). Taken together, our data
demonstrate multiple adaptations in skeletal muscle in response to
consumption of a ketogenic diet that may underlie our whole-body

observations of increased oxygen consumption, fatty acid oxidation,
and reduced carbohydrate storage.

Muscle mitochondrial morphology
Our data demonstrate significant and exercise-independent increases
in several muscle mitochondrial markers with KETO. To more directly
assess mitochondrial content and morphology, we performed

Fig. 5 | Downregulation of glucose metabolism and upregulation of fat meta-
bolism and mitochondrial protein markers by a ketogenic diet. Protein lysates
of pulverized gastrocnemius muscles were analyzed by Western blotting (for all
data in this figure: Sedentary: CON-CHOW n = 12; STZ-CHOW n = 11; STZ-KETO
n = 11, Exercise-trained: n = 11/group). A Muscle carbohydrate metabolism, and (B)
lipid metabolism markers were quantified. C GLUT4 and (D) Hexokinase II content
were up-regulated by exercise (P <0.0001), but demonstrated lower levels in mice
fed a ketogenicdiet.Main effects of diet wereP =0.0008 forGLUT4 and P =0.0068
for HKII. Regulators of lipid metabolism, (E) CD36 (P <0.0001), and (F) CPT1B
(P =0.0002) were up-regulated by a ketogenic diet. G OXPHOS complex markers
I-V (H) were generally increased by training (I: P =0.008; II: P =0.0026; III:

P =0.0076, IV: P < 0.0001; V: P =0.016), with complexes III (P <0.0001), IV
(P =0.0075), and V (P <0.0001) also being upregulated by a ketogenic diet.
I Mitochondrial markers (J) Cytochrome C (CYCS; P <0.0001) and (K) HSP60
(P <0.0001) were upregulated by a ketogenic diet, while VDAC (L) only demon-
strated amain effect of exercise-training (P =0.003). Data from (C–F), (H) and (J–L)
are presented as mean ± SEM. Statistical significance was determined by two-way
ANOVA with Tukey Post-hoc testing. Main effects of diet and exercise are shown
above each graph. Differences between groups are indicated by P-values. Gray
circles representCON-CHOW,blue circles represent STZ-CHOW, andorangecircles
represent STZ-KETO. Source data are provided as a Source Data file.
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transmission electron microscopy (TEM; Fig. 6A). Our data demon-
strate a significant increase in mitochondrial size in STZ-KETO com-
pared to STZ-CHOW (Fig. 6B). There was a synergistic effect of KETO
and exercise to increase mitochondrial size, with only KETO-fed mice
displaying an increase with training (Fig. 6B). We also noted lipid-like
droplets located within the mitochondrial area in trained STZ-KETO
that were not as prevalent in other groups (Fig. 6A; yellow arrow).
Mitochondrial density (%mitochondrial area permuscle area) was also
higher in STZ-KETO, but was not impacted by exercise (Fig. 6C).
Mitochondrial size distribution shows a shift toward very large ( > 0.4
µm2) mitochondria in KETO-fedmice (Fig. 6D). A heatmap normalized
to sedentary STZ-CHOW illustrates increasedmitochondrial perimeter
and Feret’s diameter with KETO (Fig. 6E). Quantification of these and
other indices of mitochondrial morphology are shown in Supple-
mentary Fig. 4.

Mitochondrial dynamics
Changes inmitochondrialmorphology aremediated bymitochondrial
dynamic markers that regulate processes such as mitophagy, fusion,
and fission. To determine potential mechanisms underlying the pro-
minent changes in mitochondrial morphology that we observed in
STZ-KETO, we quantified protein levels of mitochondria dynamic
markers in skeletal muscle. BNIP3, a marker of mitophagy, was sig-
nificantly increased in STZ-KETO, with no additional impact of
exercise-training (Fig. 6F). Similarly, the short form of OPA1, a marker
of mitochondrial fusion, was significantly increased in STZ-KETO, with
no additional impact of exercise-training (Fig. 6G). Phosphorylation of
DRP1 at Ser616, a marker of mitochondrial fission, was decreased by
exercise, but not impacted by diet (Fig. 6H). When considered col-
lectively, our EM and protein data demonstrate that a ketogenic diet
induces mitochondrial remodeling favoring mitophagy and fusion,
resulting in larger mitochondria and a higher mitochondrial density in
muscle.

Aerobic remodeling of skeletal muscle
Our data demonstrate significant effects of a ketogenic diet to increase
musclemitochondrial density and enhance fatty acid oxidation in vivo,
independent of exercise-training. In contrast, KETO enhances VO2peak
in STZ-treated mice only when combined with exercise training, indi-
cating that mitochondrial function is likely not limiting for improve-
ments in VO2peak with training in hyperglycemic mice. In addition to
increased mitochondrial density, a more oxidative muscle fiber type
and increased muscle capillary density are good predictors of high
VO2peak in humans33. Moreover, our previous studies report that
blunted improvements in VO2peak with training in hyperglycemia are
associated with lower muscle capillary density and a more glycolytic
muscle fiber-type1,2, identifying these morphological markers in mus-
cle as potential mechanisms for low VO2peak.

To determine whether glucose-lowering with a ketogenic diet can
restore training-induced remodeling of skeletal muscle we measured
muscle fiber-type and capillary density by immunofluorescence
staining (Fig. 7). Main effects of diet and exercise were observed on
muscle fiber-type, with the proportion of oxidative (Type 1 + 2 A) fibers
being higher in STZ-KETO compared to STZ-CHOW after training
(Fig. 7A, B). STZ-CHOWwas the only group that did not demonstrate a
significant increase in oxidative fiber proportion with training, indi-
cating blunted exercise-inducedmuscle remodeling (Fig. 7B). Our data
demonstrate this remodeling can be restored with consumption of a
ketogenic diet. In support of altered fiber-type as a mechanism for
improved VO2peak in STZ-KETO, we demonstrate a significant corre-
lation (r = 0.5534, P <0.0001) between the proportion of oxidative
fibers and VO2peak (Fig. 7C).

Skeletal muscle capillary density displayed main effects of exer-
cise anddiet, in addition to a significant interaction by two-wayANOVA
(Fig. 7D, E). Hyperglycemic mice (STZ-CHOW) had no significant

increase in muscle capillary density with training; however, improved
capillary density with training was restored in STZ-KETO (Fig. 7E).
Notably, the pattern for exercise-induced increases in capillary density
mirrored our observed changes in VO2peak, with diet-exercise inter-
actions observed for both phenotypes (Fig. 3A). These data indicate
that KETOmayenhance exercise-induced angiogenesis, which appears
to be impaired in hyperglycemic mice2. An increase in the capacity for
muscle oxygen delivery due to increased capillary density may con-
tribute to increased VO2peak in KETO-fed mice. Consistent with this,
muscle capillary density was significantly correlated with VO2peak
(Fig. 7F; r = 0.4308, P =0.0028). Taken together, our data identify
enhanced aerobic remodeling of muscle as physiological mechanisms
for improved VO2peak in STZ-KETO.

Circulating angiogenic regulators
Exercise-induced changes in capillary density may be due, in part, to
changes in circulating angiogenic regulators that are regulated by
exercise-training. To determine whether KETO altered angiogenic
regulators in exercise-trained mice, we performed a Proteome Profiler
array of key proteins involved in tissue angiogenesis (Fig. 7G). Our
analysis compared N = 6 serum samples from exercise-trained STZ-
CHOW and STZ-KETO mice. Our primary finding was that STZ-KETO
had higher levels of the pro-angiogenic mediator PAI-1 following
training compared to STZ-CHOW. PAI-1 promotes angiogenesis by
stimulating endothelial cell migration and survival34,35. Very high levels
of PAI-1 ( > 2-fold) can occur in type 2 diabetes and are associated with
pathological angiogenesis (e.g., retinopathy)36. However, the increase
in PAI-1 we observed in STZ-KETO was relatively modest ( ~ 25%). In
addition to increasedPAI-1, therewas a tendency (P =0.0557) forMMP-
9 to be decreased by a ketogenic diet. MMP-9 can cleave plasminogen
to generate angiostatin, which is an anti-angiogenic protein
fragment37, a role consistent with increased exercise-induced angio-
genesis in STZ-KETO. However, in some cancers, MMP-9 has shown to
be pro-angiogenic38. Notably, both PAI-1 andMMP-9 are key regulators
of the plasminogen activation system, and frequently display diver-
gent regulation, with PAI-1 being a negative regulator of MMP-939. Our
data identify regulation of this key angiogenic system as a potential
mechanism for enhanced angiogenesis in STZ-KETO compared to
STZ-CHOW.

Physiological predictors of VO2peak
To further identify the physiological parameters that may be respon-
sible for enhanced VO2peak with training in STZ-treated mice con-
suming a ketogenic diet, we performed a Pearson correlation matrix
(Fig. 8A). This analysis revealed that blood glucose is negatively asso-
ciated with VO2peak, whereas ketones are positively associated. The
negative association between glucose and VO2peak is in line with our
hypothesis that hyperglycemia is a negative regulator of exercise
adaptations. The lack of correlation between running distance and
VO2peak (Fig. 8A) also supports this premise, as hyperglycemic mice
fail to improve VO2peak despite similar training stimulus.

We have previously demonstrated that conditions associatedwith
chronic hyperglycemia, such as ECMglycation, are negative regulators
of angiogenesis in vitro2. To determine how ketones may regulate
angiogenesis, we performed tube formation assays using Human
Umbilical Vein Endothelial Cells (HUVEC). HUVECs were plated on
Matrigel-coated 96-well plates overnight in the absence (0mM) or
presence (2.5, 5mM) of the ketone body β-hydroxybutyrate (Fig. 8B).
Tube formation parameters were quantified using the Angiogenesis
Analyzer plugin from ImageJ. Exposure to physiological concentra-
tions of ketones significantly enhanced multiple measures of endo-
thelial tube formation, including node, junction, segment, and branch
number and length, as well as overall tube length (Fig. 8C). These data
suggest that ketones themselves may enhance angiogenesis with
exercise, and may be a contributor to enhanced capillary density
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Fig. 6 | Ketogenic diet inducedmitochondrial remodeling in STZ-treatedmice.
A Transmission electron microscopy was used to visualize and quantify plantaris
musclemitochondria in sedentary and exercise trained STZ-treatedmice (scale bar
= 0.50 µm). B Mitochondrial size (area in µm2) was significantly larger in KETO-fed
mice (P <0.0001, Sedentary SC n = 291, SK n = 311, Exercise-trained SC n = 290, SK
n = 268). Exercise-training and KETO had synergistic effects onmitochondrial size.
C Mitochondrial fractional area (area of mitochondria/total muscle area) was sig-
nificantly larger in KETO, but was not impacted by exercise-training (n = 9 blinded
random images from n = 3 mice [n = 3 images/mouse] were analyzed).
DMitochondrial size distributionwas altered byKETOwith a shift toward very large
( > 0.4 µm2) mitochondria. E A heat map demonstrates quantification of other

mitochondrial morphology parameters normalized to sedentary STZ-CHOW.
Mitochondrial perimeter and Feret’s diameter were significantly larger in KETO.
Protein markers of (F) mitophagy (P <0.0001), and (G) fusion (P <0.0001) were
increased by KETO. H The fission marker DRP1 was not impacted by KETO, but its
phosphorylation at Ser616 was reduced by exercise (P =0.0002). For (F–H)
Sedentary: CON-CHOW n = 12; STZ-CHOW n = 11; STZ-KETO n = 11, Exercise-trained:
n = 11/group. Data from (B), (C), (F), (G) and (H) are presented as mean ± SEM.
Statistical significance determined by Two-way ANOVA followed by Tukey’s post-
hoc testing. Gray circles represent CON-CHOW, blue circles represent STZ-CHOW,
and orange circles represent STZ-KETO. Source data are provided as a Source
Data file.
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following exercise in STZ-KETOcompared to STZ-CHOW. In support of
this, healthy males supplemented with exogenous ketones demon-
strated markedly enhanced muscle capillary density following 30 ses-
sions of endurance training compared to controls40. In addition,
ketones are believed to be important sources of fuel for endothelial
cells41.

To assess whether ketones have a direct impact on skeletal
muscle, we exposed C2C12 myotubes to ketones to examine

signaling pathways that regulate muscle adaptation. AMPK and
CaMKII are both exercise-activated signaling pathways that can
promote amore oxidative and fatigue-resistantmuscle phenotype42.
Ketones have the potential to activate these signaling pathways via
G-protein receptor binding or through MCT-mediated transport
into the cell43. Our data demonstrate significant activation of CaMKII
after 15 min exposure of C2C12 myotubes to physiological levels
(2.5, 5 mM) of β-hydroxybutyrate (Fig. 8D). In contrast,

Fig. 7 | A Ketogenic diet restores aerobic muscle remodeling with exercise in
STZ-treated mice. A Gastrocnemius muscle sections were stained for type 1
(green) and type 2 A (red)myosin heavy chain. The extracellularmatrix was stained
with wheat germ agglutinin (blue). Images of the red (oxidative) portion of the
gastrocnemius are shown. B The proportion of oxidative (type 1 + type 2 A) fibers
was quantified in the red gastrocnemius of Sedentary and Exercise-trained mice
(Sedentary: CON-CHOW n = 7; STZ-CHOW n = 8; STZ-KETO n = 7, Exercise-trained:
CON-CHOW n = 9; STZ-CHOW n = 8; STZ-KETO n = 7). C Pearson correlation ana-
lysis determined a significant relationship between whole-body VO2peak and the
percent of oxidative fibers in gastrocnemius muscle (P <0.0001; n = 44).
D Capillaries in gastrocnemius sections were stained using fluorescently labeled
Griffonia Lectin. E Capillary density was quantified and expressed per mm2 of

muscle area (Sedentary: CON-CHOW n = 8; STZ-CHOW n = 8; STZ-KETO n = 6,
Exercise-trained: CON-CHOW n = 10; STZ-CHOW n = 9; STZ-KETO n = 8). F Pearson
correlation analysis determined a significant relationship between whole-body
VO2peak and muscle capillary density (P =0.0028; n = 46). G Serum from STZ-
CHOW and STZ-KETO exercise trained mice was used to quantify the relative
protein levels of angiogenic regulators using a protein array. Relative expression
normalized to STZ-CHOW is shown in a graph (n = 6/group). Data from (B), (E) and
(G) are presented as mean± SEM. Panels (B) and (E) were analyzed by two-way
ANOVA followed by Tukey post-hoc testing. G was analyzed by Unpaired t-test.
Gray circles represent CON-CHOW, blue circles represent STZ-CHOW, and orange
circles represent STZ-KETO. Source data are provided as a Source Data file.
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phosphorylation of AMPK tended to decrease with ketone exposure,
possibly due to ketones acting as a substrate for ATP production in
muscle, which would act to suppress AMPK. Activation of CaMKII-
mediated calcium signaling may represent a mechanism by which
ketones directly promote an oxidative, fatigue-resistant muscle
phenotype in vivo.

Differential impact of KETO on hyperglycemic vs
euglycemic mice
Considered collectively, our data demonstrate extensive remodeling
of skeletal muscle and enhanced aerobic adaptation in hyperglycemic
mice treated with a ketogenic diet. We hypothesized that the glucose-
lowering effects of a ketogenic diet could reverse the inhibitory effects
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of hyperglycemia on aerobic adaptation. In addition, our data
demonstrate that elevated ketones may also contribute to muscle
aerobic remodeling. However, in euglycemic human participants, data
are equivocal regarding the beneficial effects of a ketogenic diet on
aerobic capacity and athletic performance21,27. To test whether differ-
ences exist between the metabolic benefits of a ketogenic diet under
euglycemic conditions, we did an additional set of experiments in non-
STZ-treated mice.

Euglycemic control mice were randomly allocated to CHOW and
KETO diet groups and housed in static cages for 8-wks to match the
timeline of STZ-treated mice. Following this dietary period, mice were
further subdivided to undergo exercise training by voluntary wheel
running, or remain sedentary for 8-wks (see Fig. 1 for design sche-
matic). Similar to STZ-treated mice, a ketogenic diet led to increased
body weight (Fig. 9A) due to increased fat mass (Fig. 9B) in sedentary
mice. Also similar to STZ-treated mice, increased adiposity in KETO
was prevented by exercise training. However, in contrast to hyper-
glycemic mice, the KETO diet did not lower blood glucose, which was
already in the euglycemic range (Fig. 9C). Glucose tolerance was
impaired in KETO-fed mice, with an overall effect of exercise-training
to improve glucose tolerance (Fig. 9D, E). It is likely that the reduction
in glucose tolerance we demonstrate in both hyperglycemic and
euglycemicmiceon a ketogenicdiet is due to a shift away fromglucose
metabolism and a toward fatty acid metabolism.

Blood ketones were elevated in KETO- vs CHOW-fed mice
(Fig. 9F). However, the level of ketosis was diminished compared to
STZ-KETO ( ~ 2mM in STZ-KETO vs ~1mM in CON-KETO). Similar to
STZ-treated mice, training tended (P =0.0702) to decrease blood
ketone levels, possibly due to ketone consumption as a fuel during
exercise. In contrast to STZ-treated mice, VO2peak was elevated in
sedentary, but not trained control mice consuming a ketogenic diet
(Fig. 9G). Thus, there appears to be a VO2peak benefit in the absence of
training in euglycemic mice consuming a ketogenic diet, but no
enhancement of aerobic adaptation with training. Increased VO2max
in sedentary healthy youngmen consuming a ketogenic diet for 3 days
has been previously reported44, although the mechanism for the
increase was unknown. One study demonstrated that 6 months on a
ketogenic diet increased hemoglobin and hematocrit levels in patients
with drug-resistant epilepsy45. Increased hemoglobin has the potential
to improve VO2peak; however, no difference in hemoglobin and
hematocrit were noted between groups in our study (Supplementary
Fig. 5). Exercise performance (time to exhaustion) was not enhanced
by a ketogenic diet (Fig. 9H), again demonstrating the disconnect
between aerobic capacity and performance with this dietary pattern.

To determine if alterations in muscle metabolic regulators were
similarly affected by KETO in control mice, we measured markers of
glucose metabolism, lipid metabolism, and mitochondrial content.
Similar to hyperglycemic mice, a ketogenic diet down-regulated glu-
cose-metabolism regulators, GLUT4 and Hexokinase II in skeletal
muscle (Fig. 9I). Therewas also a pronounced upregulation of the fatty
acid transporter CD36 with KETO, demonstrating a shift toward fatty
acid metabolism. KETO also induced modest increases in mitochon-
drial proteins, CYSC and HSP60, in euglycemic mice, although the
magnitude of the increase was blunted compared to STZ-KETO.
Overall, some of the metabolic effects of a ketogenic diet were similar

in hyperglycemic and euglycemic mice, including effects on adiposity
and muscle regulators of metabolism. In contrast, euglycemic mice
displayed no reduction in blood glucose and no improvement in
aerobic adaptation to exercise, which were key features of the diet in
hyperglycemic mice. These data support our hypothesis that glucose
lowering is an essential component to improved aerobic adaptation in
hyperglycemic mice.

Carbohydrate restoration to enhance performance in KETO
We observed a disconnect between aerobic capacity (VO2peak) and
exercise performance in control and STZ-treated mice consuming a
ketogenic diet. We hypothesize that exercise performance may be
limited by lower glycogen levels observed in KETO-fed mice (Fig. 4C,
D). To determine if short-term (1 week) carbohydrate supplementation
can improve performance in KETO-fed mice, we fed mice with a
ketogenic diet for 16-wks followedby randomization to 1-wk of feeding
with a ketogenic diet (KETO-KETO) or regular CHOW with 80% kcal
from carbohydrate (KETO-CHOW; Fig. 9J). Compared to KETO-KETO
mice, KETO-CHOW mice had higher blood glucose, likely due to glu-
cose intolerance induced by chronic KETO feeding (Fig. 9K). Ketones
were reduced to normal levels in KETO-CHOW, confirming reversal of
ketosis by short-term carbohydrate restoration (Fig. 9L). Exercise
performance (measured as time to exhaustion)was significantly higher
in KETO-CHOW mice compared to KETO-KETO mice (Fig. 9M), sug-
gesting that short-term carbohydrate restoration can enhance per-
formance in KETO-fed mice. Notably, exercise-trained mice displayed
the most benefit from carbohydrate restoration, likely due to the lar-
ger reliance on glycogen for tests that have a longer duration. These
findings demonstrate that short-term carbohydrate restoration miti-
gates the disconnect between VO2peak and exercise performance in
KETO-fed mice.

Overall, our data demonstrate that a ketogenic diet can effectively
normalize blood glucose levels in streptozotocin-treated mice with
hyperglycemia. In conjunction with improved glycemia, increases in
aerobic capacity (VO2peak) with trainingwere restored byKETO. In the
absence of training, KETO increased fatty acid oxidation rates, while
down-regulating glucose regulatory proteins and glycogen storage in
muscle and liver. In skeletalmuscle, these shifts in substrate utilization
were associated with striking changes in mitochondrial density and
morphology, likely due to upregulation of key mitochondrial remo-
delingproteins suchasBNIP3 andOPA1.When combinedwith training,
KETO restored muscle remodeling processes that are blunted with
hyperglycemia, including an increase in oxidative muscle fibers and
capillary density. Our data identify a ketogenic diet as a potential
treatment for impaired aerobic response to training that is associated
with hyperglycemia (Fig. 10).

Discussion
Hyperglycemia impacts an increasingly substantial proportion of the
population, including those with type 1 diabetes, type 2 diabetes,
insulin resistance, and other metabolic disorders28,29. Regular physical
exercise can improvemetabolic health and reduce associated risks like
cardiovascular disease. However, there is significant evidence that
those with chronic hyperglycemia, regardless of its etiology, have a
blunted cardiorespiratory response to aerobic training3,6,46. Peak

Fig. 8 | Regulation of angiogenesis and muscle signaling by ketones. A A
Pearson correlation matrix indicates that ketones positively predict VO2peak.
B HUVECs were plated on Matrigel and exposed to varying physiological con-
centrations of β-hydroxybutyrate (0, 2.5, 5mM). C Tube formation indices were
quantified and found to be positively regulated by ketone exposure. Data from
individual wells are shown and represent results from four independent experi-
ments (0mM n = 11; 2.5mM n = 10; 5mM n = 10).D C2C12 myotubes were exposed
to β-hydroxybutyrate for 15min and Western blotting for phospho-AMPK and

phospho-CaMKII was performed. AMPK was not activated by acute ketone expo-
sure, while CaMKII was significantly activated by ketones. Results of 8 individual
wells are shown from 4 independent experiments. All representative images for
Western blotting were from the same membrane and exposure. Data from (C, D)
are presented asmean ± SEM.Cwas analyzed by Unpaired t-test.Dwas analyzed by
one-way ANOVA followed by Tukey post-hoc testing. Gray circles represent 0mM,
pink circles represent 2.5mM, and purple circles represent 5mM ketone con-
centrations. Source data are provided as a Source Data file.
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oxygen consumption rate (VO2peak), which is a key predictor of health
and longevity, is consistently lower in those with hyperglycemia, even
when exercise training levels are matched6,7,46. Data from the present
study support the hypothesis that hyperglycemia has a negative
impact on aerobic exercise adaptation. Moreover, we demonstrate
that normalizing blood glucose levels using a high-fat, low-
carbohydrate diet can restore improvements in aerobic capacity

(VO2peak) and skeletal muscle remodeling with training. Specifically,
training-induced shifts in muscle toward a more oxidative fiber-type
and increased capillary density are blunted in hyperglycemicmice, but
these adaptations were normalized in STZ-treated mice consuming a
ketogenic diet.

Investigations in human participants demonstrate increased fatty
acid oxidation rates with consumption of high-fat, low-carbohydrate
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diets47–49. Similar to clinical investigations, we observed a notable
increase in fatty acid oxidation rates both at rest and during exercise in
mice consuming a ketogenic diet, regardless of whether they started
under euglycemic or hyperglycemic conditions. However, we
demonstrate added benefits of KETO related to glucose lowering and

enhanced aerobic adaptation in hyperglycemia that are not observed
in normoglycemia. Our work suggests that ketogenic diets may be of
more benefit to those with hyperglycemia compared to those without
hyperglycemia, at least with respect to enhancing aerobic capacity and
muscle remodeling.

Fig. 10 | A summary of the effects of a ketogenic diet alone, or a ketogenic diet
in combination with aerobic exercise training in hyperglycemic mice. Both
treatment groups had reduced muscle and liver glycogen stores, higher muscle
mitochondrial density and size, and a larger proportion of oxidative muscle fibers.
The ketogenic diet (KETO) also increased rates of fatty acid oxidation at rest and
during exercise- independent of exercise-training status. In the absenceof exercise,
KETO normalized blood glucose levels, increased blood ketones, and increased fat

mass compared to chow-fed mice. When combined with exercise training, KETO-
fed mice had even larger reductions in blood glucose, while KETO-induced
increases in blood ketones were attenuated. In hyperglycemic mice, only those
treated with KETO displayed exercise-induced increases in capillary density and
VO2peak, demonstrating diet-training interactions.Created inBioRender. Lessard, S.
(2026) https://BioRender.com/ mr1t7p6.

Fig. 9 | A Ketogenic diet enhances VO2peak in sedentary, but not exercise-
trained, normoglycemic mice. Normoglycemic control mice were fed standard
chow (CC) or a ketogenic diet (CK) for 16 weeks. Half of the mice underwent
voluntary wheel running (exercise-trained) for the last 8-weeks of dietary treat-
ment, while the remainder were housed in static cages and remained sedentary.
A Body mass (P <0.0001), B fat mass (P <0.0001), (C) and random glucose
(P <0.0001) were decreased by exercise-training. For (A–C), Sedentary: CON-
CHOW n = 7/group, CON-KETO n = 16/group; Exercise-Trained: CON-CHOW n= 8/
group, CON-KETO n = 16/group).D Glucose tolerance was impaired by a ketogenic
diet, as assessed by a higher area under the curve (E) (P <0.0001, n = 6/group).
F Blood ketones were significantly higher in KETO-fedmice (P <0.0001; Sedentary:
CON-CHOW n = 7, CON-KETO n = 8; Exercise-trained: n = 8/group) G VO2peak was
higher in sedentary KETO-fed mice, but no change in aerobic adaptations to
training were noted between CHOW- and KETO-fed mice. Main effects of diet
(P =0.0219) and exercise-training (P <0.0001) were observed, and therewas a diet-
training interaction (P =0.0461).H Exercise performance (time to exhaustion) was

enhanced by training (P <0.0001), but was not impacted by diet. For (G) and (H),
Sedentary: CON-CHOW n = 7; CON-KETO n = 16, Exercise-trained: CON-CHOW
n=8; CON-KETO n = 16). I Muscle protein markers of glucose metabolism, lipid
metabolism, andmitochondrial content were assessed in gastrocnemius lysates by
Western blotting (n = 6/group). J After 16-wks of ketogenic diet feeding, mice were
randomized to receive 1-wk of carbohydrate restoration (CHOW diet) or a further
week of ketogenic diet. K Blood glucose (P <0.0001), (L) Blood ketones
(P <0.0001), and [M] time to exhaustion (P =0.0213) were impacted by carbohy-
drate refeeding (n = 8/group). Data from (A–I) and (K–M) are presented as
mean ± SEM. Data were analyzed by 2-way ANOVA followed by Tukey post-hoc
testing. For (A–I) grey circles represent CON-CHOW and pink circles represent
CON-KETO. For (K–M) pink circles represent KETO-KETO, and teal circles represent
KETO-CHOW(1-wk carbohydrate restoration). Sourcedata are provided as a Source
Data file. Panel [J] created in BioRender. Lessard, S. (2026) https://BioRender.com/
9sgnbgp.
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Although enhanced fatty acid oxidation with a ketogenic diet is
consistently observed in humans and animals, the mechanisms med-
iating this switch are largely unknown. We identify upregulation of
proteins critical for fatty acid uptake and oxidation in muscle, and
down-regulation of those essential for glucose metabolism as
mechanisms underlying substrate switching in KETO. We also
demonstrate that KETO can induce a significant increase in muscle
mitochondrial density and up-regulate key mitochondrial remodeling
proteins such as BNIP3 and OPA1. Consistent with this, our electron
microscopy analysis clearly illustrates an increase inmitochondrial size
and a change in mitochondrial morphology with a ketogenic diet.
When considered collectively, imaging and protein content analyses
suggest a shift toward mitophagy and mitochondrial fusion in
response to a ketogenic diet. Thus, our data enhance our under-
standing of the molecular mechanisms by which skeletal muscle
adapts to increased fat availability in conjunction with carbohydrate
restriction.

An important aspectof our studydesign is thatwedetermined the
effects of KETO in both sedentary and exercise-trained groups. Using
this approach, we identified distinct metabolic adaptations to KETO
that are exercise-dependent, and -independent. For example, increases
in oxygen consumption, fatty acid oxidation, and altered mitochon-
drial morphology with KETOwere independent of exercise training. In
contrast, KETOonly improvedVO2peak andmuscle capillary density in
STZ-treated mice when combined with exercise-training. These data
indicate that increased oxidative capacity is not sufficient to improve
VO2peak in hyperglycemic mice. Rather, restoration of blunted
exercise-induced increases in capillary density was better associated
with improvements in VO2peak in response to KETO. In other words,
our data demonstrate that oxygen delivery to muscle is likely more
limiting than oxidative capacity in determining VO2peak, at least under
conditions of hyperglycemia where basal oxidative capacity is not
impaired.

While the key health marker of VO2peak was enhanced by a
combination of KETO and training in hyperglycemic mice, exercise
performance was not improved compared to chow-fedmice. This may
have implications for competitive athletes with hyperglycemia who
wish to enhance aerobic fitness, while also maintaining peak perfor-
mance. We identified low muscle glycogen content as a likely
mechanism for the disconnect between VO2peak and time to exhaus-
tion in KETO-fed mice. Indeed, lack of glycogen impairs performance
even in highly fit elite athletes with superior aerobic capacity50. This
may indicate that if athletes with hyperglycemia restrict carbohydrate
to maintain euglycemia while training, their performance may benefit
if carbohydrates are restored in the diet before and during competi-
tion. Indeed, our data demonstrate that 1-week of carbohydrate
restoration in mice fed a ketogenic diet for 16-wks can significantly
enhance performance.

In humans, a series of investigations by Burke and colleagues
demonstrate that consumption of a high-fat, carbohydrate restricted
diet does not have a negative impact on time-trial performance in
normoglycemic elite athletes if the time-trial is preceded by one day of
carbohydrate restoration48,51,52. Similarly, in young normoglycemic
men fed a high-fat diet for 7-weeks, 1-week of carbohydrate restoration
led to increased muscle glycogen and an ~18% increase in
performance53. In that study, athletic performance was impaired by a
high-fat diet without carbohydrate restoration53, which is consistent
with our data from hyperglycemic mice. In contrast, several studies
demonstrate nodetriment to time trial performancewith high-fat, low-
carbohydrate diets, even without carbohydrate supplementation54–57.
Divergent results among laboratories indicate effects on performance
may be specific to dietary paradigms (macronutrient composition and
duration), training status, and performance outcomes being mea-
sured. Clinical studies on athletes with hyperglycemia are needed to
determine whether they can optimize training adaptation using high-

fat, low carbohydrate diets, and maintain performance using strategic
carbohydrate supplementation.

Given that hyperglycemia in animal models and humans is asso-
ciatedwith poor adaptive response to aerobic training1–3,6, we attribute
the reversal of exercise resistance in STZ-KETO to glucose normal-
ization. In support of a role for glucose normalization as a mechanism
for improved aerobic adaptation in hyperglycemic mice, we observed
no improvement in training adaptation in euglycemicmice consuming
a ketogenic diet. However, it is possible that increased circulating
ketones may have contributed to the positive effects of KETO on
training response. Ketones can promote angiogenesis and increase
endothelial cell proliferation40,58. Ketones are also thought to be ben-
eficial for cardiac function and remodeling59. This is in line with our
observation of increasedmuscle capillary density with training in STZ-
KETO, and improved tube formation in endothelial cells treatedwithβ-
hydroxybutyrate. We also demonstrate direct effects of ketones on
muscle signaling via CaMKII activation. CaMKII is an exercise-activated
kinase that is essential for skeletal muscle remodeling60, thus identi-
fying a novel mechanism by which ketones may impact muscle phe-
notype and function.

We previously demonstrated that glucose normalization with the
SGLT2 inhibitor, canagliflozin, can restore muscle capillary density
with training in a model of hyperglycemia1. Notably, canagliflozin
produced a similar increase in circulating ketones as a ketogenicdiet in
the current study1. Thus, although hyperglycemia and its associated
tissue level modifications (e.g., glycation and fibrosis) are known to
impair angiogenesis61, we cannot rule out a potential positive effect of
ketonemia on our observed improvements in muscle remodeling and
aerobic capacity. Exogenous ketone supplementation in normogly-
cemic individuals does not appear to enhance exercise performance62.
However, studies on ketone supplementation under conditions of
hyperglycemia are warranted to dissect apart the roles of glucose
lowering and ketonemia that occur with a ketogenic diet.

The resurgence inpopularity of ketogenicdiets in recent yearshas
been a source of controversy20. This dietary paradigm represents a
large shift from previous widespread recommendations to limit diet-
ary fat intake in favor of carbohydrates19. Although ketogenic diets
have well-documented benefits for weight loss and associated meta-
bolic improvements in humans, there is concern that long-term con-
sumption of such diets are unsustainable63. Indeed, although the diet
in the present study was highly effective in normalizing glycemia,
inducing mitochondrial remodeling, and enhancing aerobic adapta-
tion in mice; consumption of a diet composed of 90% fat and 10%
protein may not be practical for most people. We implemented strict
carbohydrate restriction in this study to account for species differ-
ences in ketogenesis. In mice, lower carbohydrate levels are required
to induce ketosis compared to humans, where 5–10% dietary carbo-
hydrate may be consumed while maintaining ketosis64,65. Thus, it is
possible that more carbohydrate may be included while still achieving
glucose-lowering benefits in humans with hyperglycemia. It is also
possible that non-ketogenic diets that help to lower glucose levels by
inclusion of low glycemic index carbohydrates (e.g., Mediterranean
diet) or employing more moderate carbohydrate restriction may also
be beneficial in enhancing aerobic adaptation in those with
hyperglycemia.

Another consideration regarding ketogenic diets is the potential
impact of high dietary fat on cardiovascular risk factors66. This may be
less of a concern in hyperglycemic individuals, as normalization of
glycemia and improvement of VO2peak would act to reduce cardio-
vascular risk. In addition, we found that combining KETOwith exercise
training could minimize other potential negative effects on metabolic
health, including increased adiposity and glucose intolerance. In con-
trast, our data demonstrate that increased liver triglycerides persisted
in KETO-treated mice, despite exercise training. In humans, ketogenic
diets have therapeutic benefits to reduce hepatic steatosis67, which

Article https://doi.org/10.1038/s41467-026-69349-5

Nature Communications |         (2026) 17:1656 16

www.nature.com/naturecommunications


may indicate this effect is specific to our mouse model and/or dietary
paradigm. Nevertheless, cost-benefit analysis of a new dietary patterns
must be considered for each individual. Our ketogenic diet was com-
posed primarily of cocoa butter, which is relatively high in saturated
fat. It is likely that altered fatty acid compositionwould also impact the
potential health risks and benefits of a ketogenic diet.

A growing number of individuals who exercise regularly have
hyperglycemia68, with some competing at high levels in their sport69.
However, sports nutrition guidelines have been largely based on stu-
dies of normoglycemic individuals. Ketogenic diets have well-
documented therapeutic benefits for many chronic diseases includ-
ing obesity, diabetes, non-alcoholic fatty liver disease, and epilepsy.
But, with respect to aerobic capacity and physical performance, it
appears that ketogenic diets do not enhance or harm performance in
elite athletes and healthy young individuals21,47,70. Here, we demon-
strate that a ketogenic diet can enhance aerobic fitness when com-
binedwith exercise training in amousemodel of hyperglycemia. Thus,
whether a ketogenic diet enhances muscle metabolism and function
likely depends on individual circumstances and health history. In
support of this, we observed no enhancement of aerobic adaptation in
euglycemic mice consuming a ketogenic diet. In addition to our work
in the context of hyperglycemia, there is evidence that ketogenic diets
can enhance muscle mass and function with age71 and muscular
dystrophy72. Thus, individualized prescription of diet should be used
to optimize the health benefits of exercise in different populations.

In summary, our investigation demonstrates that consumption of
a ketogenic diet can enhance the adaptive response to aerobic training
in amousemodel of hyperglycemia. Improvements in aerobic capacity
with a ketogenic diet may be due, in part, to restored muscle remo-
deling with exercise, including a more oxidative fiber-type and
increased capillary density. A ketogenic diet also had exercise-
independent effects on mitochondrial phenotype, oxygen consump-
tion, and fatty acidoxidation rates.Our results identify a ketogenic diet
as a potential therapeutic strategy to improve aerobic capacity in those
with hyperglycemia.

Methods
Animal experiments
Allmouse experimentswere approvedby the Institutional AnimalCare
and Use Committee of the Joslin Diabetes Center. Male CD1 mice
(8 weeks old) were purchased fromCharles River Laboratories. Female
mice were not included as we and others have found they are resistant
to induction of hyperglycemia by common methods, including diet73

and streptozotocin74,75. While larger doses of streptozotocin can
induce hyperglycemia in females, we found this leads to hepatic car-
cinogenesis, which has also been reported by others76. Therefore, in
this case, females would not be appropriate to test our hypothesis.
Mice were group-housed in a pathogen-free facility andmaintained on
a 12 h normal light/dark cycle, temperature 20°–26°C, humidity
30–70% with water and food ad libitum.

Following a 5 h morning (light cycle) fast, hyperglycemia was
induced by intraperitoneal injection of 40mg/kg streptozotocin (STZ,
Tocris Bioscience, 1621) in citrate buffer, pH 4.5 (Boston Bioproducts,
BB-2034) on 2 consecutive days. Control mice were injected with
citrate buffer. This STZdosagehasbeen shown to successfully induced
moderate hyperglycemia without weight loss or severe complications
in previous studies1,2. All mice were fed with a low-fat control diet
(CHOW; Research Diets, D10070802) consisting of 80% kcal carbo-
hydrate, 10% kcal fat and 10%kcal proteinduring the post-inject period
to assess development of hyperglycemia. Hyperglycemia, defined as
random blood glucose >200mg/dL, was established in STZ-injected
mice within 2-weeks of injection. STZ-treated mice that did not reach
the threshold for hyperglycemia were excluded.

Hyperglycemic mice were stratified to receive a ketogenic diet
(STZ-KETO; Research Diets, D10070801) or continue receiving regular

chow (STZ-CHOW). See Fig. 1 for a graphical depiction of the timeline.
The ketogenic diet consisted of 90% kcal from fat, 0% kcal carbohy-
drate and 10% kcal protein. Vehicle-treated normoglycemic controls
were fed regular chow (CON-CHOW).Micewere continuously fed with
assigned diet throughout the remaining 16 weeks of treatment, with
weekly monitoring of body weight and blood glucose. Blood glucose,
blood ketones, blood insulin, glucose tolerance and maximal exercise
capacity testing were analyzed after 8 weeks of feeding to determine
effect of ketogenic diet on hyperglycemia metabolic phenotypes.

Experiments on euglycemic mice (Fig. 9) were performed at the
Fralin Biomedical Research Institute (FBRI) and approved by the
Institutional Animal Care and Use Committee of the FBRI. All experi-
mental designs and timelines were similar to previous cohorts, except
for the induction of hyperglycemia. Briefly, Male CD1 mice (8-weeks
old) mice were fed with CHOW (CON-CHOW) or a Ketogenic diet
(CON-KETO) for 8 weeks and subsequently subdivided into sedentary
or exercise-trained conditions. Body weight and blood glucose were
measured weekly. Body composition, blood ketones, glucose toler-
ance tests andmaximal exercise testing were performed after 6-weeks
of training. To determine the effect of carbohydrate restoration on
exercise performance, half of the sedentary and exercise-trained CON-
KETO mice were switched to a CHOW diet for 1 week (Fig. 9J). Blood
glucose, bloodketones andmaximal exercise testingwasperformed to
determine the effect of carbohydrate availability on exercise perfor-
mance (time to exhaustion; TTE).

For terminal tissue and blood collection, mice were anesthe-
tized with 5% isoflurane using a SomnoSuite low flow anesthesia
system (Kent Scientific, #SS-01). After confirmation of deep anes-
thesia, blood was collected via intrathoracic cardiac puncture.
Immediately following blood collection, mice were euthanized by
cervical dislocation prior to collection and processing of tissues
including skeletal muscles.

Voluntary wheel running exercise
Following 8 weeks of dietary treatment, mice from CON-CHOW, STZ-
CHOW and STZ-KETO were randomly subdivided into sedentary or
exercise-trained conditions. Exercise-trained mice were singly housed
in a standardmouse cage equipped with a running wheel (Kaytee Run-
Around ExerciseWheel, 100079365). Sedentarymicewere housed in a
similar cage without a running wheel, and were provided with alter-
native forms of enrichment. Running activity was recorded in 10min
intervals using a Hall Effect Sensor (0297–0501), Wheel Counter 8
Channel Interface (0297–0050) and a Quad CI-Bus to interface with CI
Multi Device Software (v.1.5.5) from Columbus Instruments. Following
8 weeks of exercise training, blood glucose, blood ketones, glucose
tolerance, body composition and maximal exercise capacity testing
weremeasured to determine effect of exercise training onmetabolism
among treatment groups. Exercise-trained mice were withdrawn from
wheel cages 24 hprior to tissue collection towash out the acute effects
of exercise.

Blood parameters and body composition measurement
Bloodwas taken from tail vein of non-fastedmice in all measurements,
unless otherwise stated. Blood glucose wasmeasured at a similar time
of the day using the INFINITY® Blood Glucose Monitoring system (US
Diagnostics). Bloodketonesweremeasured using PrecisionXtra Blood
Glucose &KetoneMonitoring System (Abbott, 9881465). Blood lactate
was measured using Lactate Plus Meter (Nova Biomedical, 62624).
Hemoglobin and hematocrit were measured using AimStrip® Hemo-
globin Meter (Germaine Laboratories, 78101) in whole blood from the
saphenous vein. Tomeasure serum insulin,micewere fasted overnight
and blood was drawn from the tail vein into a centrifuge tube. Then,
serum was separated by centrifugation at 3000 g for 15min at 4 °C.
Serum insulin was analyzed by ELISA using a commercially available kit
(EMD Millipore, EZRMI-13K). Body composition was measured in
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anesthetized mice by DEXA using a Lunar PIXImus2 mouse
densitometer.

Glucose tolerance tests
Exercise-trained mice were withdrawn from wheel cages 24 h before
glucose tolerance measurement. The baseline glucose level was mea-
sured after a 5 h morning (light cycle) fast. Mice were injected intra-
peritoneally with a glucose solution at a dose of 2 g glucose/kg body
weight. Blood glucose wasmeasured at 15, 30, 45, 60 and 120min after
glucose administration.

Maximal exercise testing (VO2peak)
Exercise testing was conducted on Metabolic Modular treadmill
(Columbus Instruments) or Sable Metabolic Treadmill systems (Sable
Systems International, CS-003M-00).Oxygen and carbondioxidewere
measured in the sealed treadmill chamber every 15 s. Prior to testing,
mice were acclimatized for 2 consecutive days by placing them on the
treadmill at rest for 10min, followed by running at a low speed for
10min. Exercise-trained mice were withdrawn from wheel cages 24 h
before testing. For maximal exercise capacity testing (VO2peak), gra-
ded maximal exercise testing (GTXm) protocol to exhaustion was
used77. Exhaustion was defined as a mouse being in contact with the
1.1mA electric shock grid for 5 continuous seconds. Researchers per-
forming the testing were blinded to the experimental groups.

Acute exercise protocol
To determine effect of ketogenic diet on acute exercise response, a
separate cohort of sedentary mice underwent a single steady-state
exercise bout. CON-CHOW, STZ-CHOW and STZ-KETO mice under-
went dietary treatment for 16-weeks prior to testing. The treadmill
running protocol was performed at a 5° incline, at a speed of 11m/min
for 45min. Our data indicate the intensity of this bout is approximately
~60–70% VO2max, thus representing a typical moderate aerobic
exercise bout. Oxygen and carbon dioxide were measured every 15 s.
Blood glucose, blood ketones and blood lactate were measured pre-
and immediately post-exercise.

Indirect calorimetry
Volume of Oxygen consumption (VO2), Carbon dioxide production
(VCO2) and Respiratory exchange ratio (RER) was collected and
derived from the software provided by the metabolic treadmill man-
ufacturer.Whole-body fat and carbohydrate oxidationwere calculated
from gas exchange before and during exercise with and assumption of
negligible protein oxidation as shown below78.
(1) Fat oxidation (mg/min) = 1.695 x VO2 – 1.701 x VCO2

(2) Carbohydrate oxidation (mg/min) = 4.210 x VCO2 – 2.962 x VO2

Glycogen assay
An aliquot of ~10mg pulverized gastrocnemius muscle was used to
estimate muscle glycogen content. The muscle was hydrolyzed in 2N
HCl for 2 h at 95 °C with constant agitation, followed by neutralization
with 2N NaOH. The glucose concentration of the lysates was then
calculated using hexokinase reagent (Pointe Scientific, G7517-120) in a
96-well plate. Glycogen content per muscle weight was calculated
using absorbance values and dilution factors. For liver glycogen,
approximately 20mg of frozen tissue was used for the same protocol.
However, reagent volumes for hydrolysis and neutralization were
doubled to account for higher anticipated glycogen concentrations.

Triglyceride assay
Aliquots of ~30mg of skeletal muscle or liver were saponified over-
night in ethanolic KOH at 55 °C. Lysates were analyzed for glycerol
content using a commercially available colorimetric assay (Cayman
Chemical; #10010755) and triacylglycerol (glycerol content) was
expressed per tissue weight.

Immunoblotting
Gastrocnemius muscle was pulverized with a liquid N2-cooled molar
and pestle. An aliquot of pulverized muscle was homogenized in
modified RIPA buffer (50mM Tris-HCl pH 7.5, 10% Glycerol, 1% Triton-
X, 0.50% Sodium Deoxycholate, 0.1% SDS, 1mMDTT and 1X Protease/
Phosphatase inhibitor (Thermo Fisher Scientific, 78444)) with a
stainless-steel bead using Qiagen Tissuelyser II. After centrifuging at
12000 g, 4 °C for 20min, the supernatant was collected and protein
concentration wasmeasured by Bradford assay (Bio-Rad Laboratories,
5000006). Equal amounts of protein from each sample were mixed
with Laemmli buffer and boiled at 95 °C for 5min, except for GLUT4
which required unboiled proteins. Lysates were equally loaded on
4–15% Criterion™ TGX Stain-Free™ Protein Gel (Bio-Rad Laboratories,
5678085). Total protein loading was visualized on each gel using stain-
free technology on the ChemiDoc™ Touch Imaging System (Bio-Rad
Laboratories). Proteins were transferred to 0.2 µm nitrocellulose
membranes using Trans-Blot Turbo Transfer System (Bio-Rad
Laboratories, 1704150).Membranes were blocked using 5% non-fat dry
milk in TBST at RT for 1 h and incubated with primary antibodies
(Supplementary Table1) at 4 °C overnight. Membranes were incubated
with species-specific HRP-conjugated secondary antibodies and
visualized by ChemiDoc™ Touch Imaging System. Intensity of protein
bands were quantified by Image Lab software (Bio-Rad Laboratories).
Uncropped images and quantified intensity values appear in the
Source Data File.

Immunofluorescence
Gastrocnemius muscle was immediately frozen in liquid N2-cooled
isopentane. Muscle was sectioned transversely at 6 µm thickness in a
-20 °C cryostat. Formusclefiber type staining, sectionswere incubated
with primary antibodies against myosin heavy chain I (1:25; A4.840,
DSHB) and myosin heavy chain IIa (1:25; SC-71, DSHB) in TBS+ 1%
BSA + 1% NGS overnight at 4 °C. After rinsing, mouse IgG1 fluorescent
conjugate (A21124; red) and mouse IgM (A21042; green) secondary
antibodies were added at 1:1000 in 1% BSA in TBS + 1% NGS for 1 h.
Wheat germ agglutinin (1:250; W7024, Invitrogen) was added with
secondary antibodies for visualizationof unstained fibers. For capillary
staining, sections were fixed for 10min with 10% Neutral Buffered
Formalin (NBF) before staining. Fluorescent Griffonia lectin (1:100;
FL12015, Vectorlabs) was applied for 1 h at room temperature. Slides
were imaged using EVOSM7000 imaging system and quantified using
ImageJ software79.

Transmission electron microscopy (TEM)
Plantaris muscle was excised and immediately immersed in fixative
buffer (1.25% formaldehyde, 2.5 %glutaraldehyde and0.03%picric acid
in 0.1M Sodium cacodylate buffer, pH 7.4). Muscle was cut into an
estimated 1 mm2 piece and incubated in fixative buffer at 4 °C until
imaging. Fixed samples were processed through a routine TEM pre-
paration protocol at the Harvard Medical School Electron Microscopy
Core Facility. Images were taken using a JEOL 1200EX transmission
electron microscope. To analyze mitochondria, intermyofibrillar
mitochondria (IFM) rich areas from STZ-CHOW and STZ-KETO with
and without exercise training were captured in each sample at 3000x
magnification. Images from 3 mice/group and 3 independent fields/
mouse were quantified resulting in 9 images/group. The investigator
performing quantification was blinded to the experimental groups. All
analysis was performed using ImageJ software. Mitochondrial number
and volume density were quantified from an area of ~88 µm2 for each
image. Mitochondrial morphology including surface area, perimeter,
Feret’s diameter, Circularity, roundness, solidity and aspect ratio were
analyzed from individual mitochondria within 1 representative field
from each group. The number of mitochondria analyzed for mor-
phology from each group is: STZ-CHOW/SED= 291, STZ-KETO/SED =
311, STZ-CHOW/EXT = 290 and STZ-KETO/EXT = 268.
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Proangiogenic protein profiler analysis
Mice were fasted for 2–4 h during the early light cycle, and blood was
collected by cardiac puncture under deep anesthesia. Samples were
centrifuged at 2000 g for 15min at 4 °C to separate serum. Serum from
exercise-trained STZ-CHOWand STZ-KETO (N = 6/group) were used to
quantify mouse angiogenesis-related proteins by following the man-
ufacturer’s protocol (R&D Systems, ARY015). Equal volumes of serum
were diluted and incubated on protein array membranes. Membranes
were visualized with signal accumulation for 1–10min using a Chemi-
Doc™ Touch Imaging System. Each protein spot was quantified using
Image Lab software (Bio-Rad Laboratories). Each detected
angiogenesis-related protein was normalized by mean intensity of
STZ-CHOW.

Endothelial cell tube formation assay
Tube formation was performed in Human Umbilical Vein Endothelial
Cells (HUVEC, C2519A, pooled donors, Lonza Inc.). 96-well plates were
coated with Matrigel® Basement Membrane Matrix (Corning, 354234).
Ketones, at 2.5 and 5mM, were freshly prepared from (±)-Sodium
3-hydroxybutyrate (Sigma-Aldrich, 54965)dissolved in EndothelialCell
Growth BaseMedia (R&DSystems, 390598). Then, cells were seeded at
10,000 cells/well into Matrigel-coated wells. Control- and ketone-
treated cells were incubated in 5% CO2 at 37 °C for 14-16 h. Combined
results from four independent experiments (n = 10-11 wells) are shown.
Tube formation images were captured at 4Xmagnification by an EVOS
M3000 phase-contrast microscope (Thermo Fisher Scientific). Images
were then analyzed by ImageJ with the Angiogenesis Analyzer plug-in
(NIH, Bethesda, MD). All analyzing parameters were normalized to the
control (0mM ketone) condition.

C2C12 myotube signaling
C2C12 myoblasts (CRL-1772, ATCC) were seeded at near-confluence in
12-well tissue culture dishes and allowed to adhere overnight in growth
medium (DMEM+ 10% FBS + 1% ABAM). The next day, medium was
changed to differentiation conditions (DMEM+2% horse serum + 1%
ABAM) for 4 days to induce myotube formation. Mature myotubes
were serum-starved (DMEM) for 2 h before being treatedwith 0, 2.5, or
5mM β-hydroxybutyrate (Sigma-Aldrich, 54965) for 15min. Myotubes
were quickly washed twice with ice-cold PBS and solubilized in 2x
Laemmli buffer containingBME. Sampleswere boiled for 5min at95 °C
before Western blotting to assess phosphorylated AMPK and CaMKII.

Data and statistical analysis
Data are presented as mean± SEM otherwise stated. For pre-training
data with three experimental groups, one-way analysis of variance
(ANOVA) was used to compare effects between CON-CHOW, STZ-
CHOW and STZ-KETO. For post-training data with six groups, two-way
ANOVA was used to determine the main effects of diet and exercise
training. Tukey multiple comparison tests were used for post hoc
testing. For acute exercise studies, two-way ANOVA was used to
determine how the dietary treatments regulate blood glucose, blood
ketones and blood lactate levels pre- and post-exercise. Data are pre-
sented as connecting points of pre-post levels from individual mice.
Pearson correlation analysis was used to determine the relationship
between maximal exercise oxidative capacity (VO2peak), and muscle
remodeling and metabolic markers.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Data supporting the findings of this study are available in the primary
figures and supplementary materials. Source data are provided with
this paper.
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